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AERODYNAMIC CHARACTERISTICS OF AN OBLATE SPHEROID 

AND A SPHERE AT MACH NUMBERS FROM 1.70 TO 10.49 

By Lloyd S. Jernel l  
Langley Research Center 

SUMMARY 

An investigation has been conducted in the Langley Unitary Plan wind tunnel and the 
Langley continuous-flow hypersonic tunnel to determine the aerodynamic characterist ics 
of an oblate spheroid at angles of attack from approximately -4' to  1 2 O  and Mach numbers 
from 1.70 to 10.49. Drag coefficients on spheres  were obtained for  comparison. 

Both the pitching-moment and lift coefficients of the oblate spheroid show small 
nonlinearities with angle of attack a t  the lower tes t  Mach numbers. 
Mach numbers of 2.96 and greater,  these data a r e  linear and essentially unaffected by 
Mach number. 

However, for the tes t  

The center-of-pressure location of the oblate spheroid exhibits some effect of angle 
of attack and Mach number at the lower tes t  Mach numbers. However, for Mach numbers 
from approximately 2.7 to 10.5, the center-of-pressure location is invariant at 0.575 body 
diameter rearward of the theoretical sphere stagnation point. 

The empirical expression developed in the present investigation for the pressure  
distribution over a hemispherical forebody is in good agreement with the experimental 
data for the following approximate ranges: from Ooto 60' for a Mach number from 
3 to 10, and e from 0' to 90' for a Mach number from 6 to  10, where 8 is the angle 
between a normal to the local surface and the model center line. 

e 

The experimental total d rag  coefficients of the oblate spheroid are approximately 
10 percent greater  than those of the sphere throughout. the Mach number range. 
data for both configurations exhibit maximum values at  the lower tes t  Mach numbers, a 
decrease with increasing Mach number in the supersonic range, and little change 
throughout the hypersonic range. The empirical expression developed in the present 
investigation for the total d rag  coefficient of the oblate spheroid agrees  well with the 
experimental data for Mach numbers from approximately 2.3 t o  10.5. 

The 



INTRODUCTION 

In the design of recoverable spacecraft, the resolution of the well-known aero- 
dynamic heating problem encountered during atmospheric entry generally requires  the 
incorporation of a high degree of nose bluntness, particularly for  nonlifting vehicles. 
One configuration of an  orbital, ballistic-entry vehicle which has  attracted attention is 
the oblate spheroid. It would be expected that this  configuration would afford a higher 
volume-weight ra t io  and greater  static stability than the cone- shaped-afterbody vehicles 
such as the Apollo command module; however, the oblate spheroid would realize l e s s  
d rag  for  vehicle deceleration. 

The attempt to  predict the local flow properties for this  type of body raises the 
question of accuracy, especially with regard to the subsonic flow field behind the detached 
bow shock wave. References 1 to  3 a r e  examples of the numerous studies which have 
been devoted to  developing theories to describe blunt body flow. 
in reference 4, the methods which have evolved t o  date may differ greatly in the values 
predicted. Hence, in order  to  obtain reliable data, investigations were undertaken to 
determine experimentally the aerodynamic character is t ics  of the oblate spheroid for  
angles of attack from about -4' to  12' at Mach numbers from 1.70 to  10.49. 
coefficients on spheres were obtained for  comparison. 

However, as pointed out 

Drag 

Other experiments which have been conducted to  determine the drag  and/or local 
flow properties of spheres and related blunt bodies are reported in references 5 to 13. 

SYMBOLS 

The data a r e  referred t o  the stability-axis system with the moment center located 
as shown in figure 1. 

A frontal a r ea  

CD drag  coefficient, Drag/qA 

cD, f f o r e b d y  drag  coefficient 

CD, a afterbody drag  coefficient 

lift coefficient, Lift/qA CL 

Cm pitching-moment coefficient, Pitching moment/qAd 
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cP 

cP, 

d 

db 

M 

cl 

R 

X 

xCP 

a 

e 

local pressure  coefficient 

maximum (stagnation point) p ressure  coefficient 

body diameter 

diameter of balance cavity 

Mach number 

dynamic pressure  

Reynolds number, based on body diameter 

axial coordinate measured from stagnation point of sphere and from 
stagnation point of theoretical sphere for  oblate spheroid (see fig. 1) 

location of center of pressure  

angle of attack, deg 

angle between normal t o  local surface and model center line, deg or rad 

APPARATUS AND METHODS 

Models 

A drawing of the models is shown in figure 1. Two models, the 9-inch-diameter 
(22.86 cm) oblate spheroid and the 6-inch-diameter (15.24 cm) sphere, were constructed 
of wood and fiber glass  and were tested in the Langley Unitary Plan wind tunnel. The 
5.75-inch-diameter (14.61 cm) oblate spheroid and sphere models, constructed of stainless 
steel, were tested in the Langley continuous-flow hypersonic tunnel. 

Tunnels 

The Langley Unitary Plan wind tunnel is a variable-pressure, return-flow tunnel 
which has two tes t  sections. 
7 feet (213 cm) long. 
sliding-block type and permit continuous variations in Mach number from about 1.5 to  2.9 
and 2.3 to  4.7. 

Each section is 4 feet (121.9 cm) square by approximately 
The nozzles leading to  the test sections are of the asymmetric 
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The Langley continuous-flow hypersonic tunnel is a variable-pressure, return-flow 
facility which has  two 31-inch-square (78.7 cm) interchangeable test sections with Mach 
numbers of approximately 10 and 12. 

Measurements, Corrections, and' Tests 

Aerodynamic forces  and moments were measured by means of a sting-supported, , 

six- component, strain-gage balance mounted within the models. 
ments were .obtained by means of a static pressure  orifice located within the balance 
cavity. No attempt was made t o  induce boundary-layer transition by artificial means. 

Base pressure  measure- 

Aerodynamic character is t ics  were obtained for  the oblate spheroid at angles of 
attack from about -4Oto 12' for Mach numbers f rom 1.70 to  10.49 and Reynolds numbers 
from 0.97 X lo6 t o  3,75 X lo6. 
numbers from 1.90 to  4.'63 and a Reynolds number of 2.00 X lo6, and at a Mach number 
of 10.49 and a Reynolds number of 0.97 X lo6. 

Drag coefficients for  the spheres  were obtained at Mach 

The angles of attack have been corrected for  tunnel flow misalinement and model 
support system deflection due to  aerodynamic load. 
maintained sufficiently low t o  insure negligible condensation effects. 

The stagnation dewpoint was 

DISCUSSION 

Schlieren photographs which depict typical flow patterns for  both the oblate spheroid 
and sphere models are shown in figure 2. These and numerous unpublished photographs 
obtained during the investigation indicate that flow separation from the model surface 
occurs at 8 f rom approximately 95' to 105'. The variation of the separation point was 
random rather than the resul t  of distinct Mach number o r  Reynolds number effects. 

The basic aerodynamic characterist ics of the oblate spheroid model are presented 
in figure 3. The data, which were obtained at several  Reynolds numbers for  some Mach 
numbers, indicate no measurable Reynolds number effects. 
and lift coefficients show small  nonlinearities with angle of attack at the lower test Mach 
numbers. However, for  Mach numbers of 2.96 and greater,  these data are linear and 
essentially unaffected by Mach number. Although the pitching-moment curves reflect 
longitudinal instability (positive slope), the moment reference center employed herein 
(fig. 1) is located 0.75d rearward of the theoretical sphere stagnation point. 
position corresponds t o  the balance moment center. The lift curve exhibits a slightly 
negative slope throughout the Mach number range. The d rag  coefficient is not noticeably 

affected by angle of attack, but it shows the expected decrease with increasing Mach 
number. 

Both the pitching-moment 

This 
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The effects of angle of attack and Mach number on the center-of-pressure location 
for the oblate spheriod are shown in figure 4. Although some variation with angle of 
attack and Mach number exists a t  the lower test  Mach numbers, these effects diminish 
rapidly as Mach number is increased. For the Mach number range from about 2.7 to 10.5,  
the center-of-pressure location for  the oblate spheriod is invariant at 0.575d rearward of 
the theoretical sphere stagnation point, as compared with the location at 0.50d for  the 
sphere. 

In order  to assess the relative meri ts  of several  methods commonly used to pre- 
dict the pressure  distribution over a hemispherical forebody, the experimental pressure 
data obtained over the forebody of the hemisphere-cylinder model of reference 11 and 
unpublished data obtained over a sphere at M = 10.0 by Robert L. Stallings, Jr., at the 
Langley Research Center are presented in figure 5. Values predicted by the modified 
Newtonian theory (Cp = Cp," cos28) and by the empirical method of reference 5 

the experimental values of cp 

than about 3 for  values of 8 to approximately 60°. At Mach numbers greater  than 
approximately 6, the pressure  ratio may be considered invariant with Mach number over 
the entire forebody. 
estimate the local pressure  a t  the lower values of 8 and, with the exception of the data 
at lower Mach numbers, underestimate in the shoulder region. 

cos  8 are included fo r  comparison. Presented in this form,  

Cp,max 

) (cp = 2 cos% - (2 - Cp,") 

are essentially invariant with Mach numbers greater  

Both the modified Newtonian method and the empirical method over- 

In the regions where the experimental data may be considered invariant with Mach 
number, the pressure  distribution can be more accurately described by the empirical 
expression 

'P = cos8 0.558 
CP,m= 

This equation was obtained by assuming that the pressure  distribution could be approxi- 

mated by the expression 

and the resul ts  were compared with the experimental data of figure 5. 
values were used for  n because no practical method was found fo r  integrating the 
expression involving fractional exponents to obtain the drag  coefficient. 
figure 5, equation (1) is in good agreement with the experimental data  for  the following 
approximate ranges: 8 f rom 0' to 60' for  a Mach number f rom 3 to 10, and 8 from 
0' to 90' fo r  a Mach number f rom 6 to 10. 

cp = cosnk8. Various values of n and k were assumed 
CP," 

Only integer 

As shown in 

The forebody drag  coefficient of a spherical segment may be expressed as 

CD,f = J Cp sin 28 de 
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Substituting equation (1) into this expression yields 

CD,f = C p , m a  S c o s 8  0.558 sin 28 d8 

By integrating equation (2) between the l imits 8 = 0 and 8 = ~ / 2 ,  the forebody drag  
coefficient of the sphere may be expressed as 

Although no experimental p ressure  data are available for confirmation, equation (1) 
should apply equally well to the spherically blunted section of the oblate spheriod. 
validity of the expression in the forebody region beyond the oblate section cannot presently 
be ascertained, but the effect of any discrepancy on drag  should be negligible because the 
oblate section produces the major portion of the overall  forebody drag. Hence, by inte- 
grating equation (2) using the appropriate l imits (8 va r i e s  f rom 0 to approximately 
0.915 radian for  the oblate section) and reference areas ,  the forebody drag  coefficient of 
the oblate spheroid may be expressed as 

The 

In figure 6, the resul ts  of the theoretical and empirical methods a r e  compared with 
the experimental d rag  coefficients of the present investigation and sphere drag  coeffi- 
cients of reference 8. The experimental afterbody drag  coefficients were obtained by 
applying the single balance-cavity pressure  measurement over the entire afterbody. 
procedure was considered justified on the basis of unpublished experimental data (by 
Stallings) which indicate that the pressure  is essentially invariant throughout the separated- 
flow region and that very small  e r r o r s  would be incurred by assuming the separated-flow 
region to act over the entire afterbody. 
figurations a r e  about equal and exhibit rapidly decreasing values at the lower Mach 
numbers to near-zero values in the hypersonic range. 
drag  coefficient CD, a = 1/M2, which resul ts  from the commonly employed approximation 
Cp,base = - I / M ~  (in the present investigation, c D , ~  = -cp,base), is shown in comparison 
with the experimental data. 
number range, the expression overestimates considerably a t  the lower Mach numbers. 

The experimental total drag coefficients of the oblate spheroid a r e  approximately 

This 

The afterbody drag  coefficients for the two con- 

The expression for the afterbody 

Although it provides good agreement over most of the Mach 

10 percent greater  than those of the sphere throughout the Mach number range. 
for both configurations exhibit maximum values at  the lower tes t  Mach numbers, a 
decrease with increasing Mach number in the supersonic range, and little change through- 
out the hypersonic range. Because the theoretical and empirical methods represent fore- 
body drag coefficient only, the 1/M2 approximation of afterbody drag coefficient has 
been added f o r  comparison with the experimental values of total d rag  coefficient. The 

The data 
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t rends of the theoretical and empirical  data parallel those of the experimental data f o r  
Mach numbers above approximately 2.5. 
is increasingly overestimated as Mach number is decreased primarily due to the ineffec- 
tiveness of the 1/M2 approximation. Throughout the Mach number range, the modified 
Newtonian predictions (adjusted fo r  afterbody drag) are consistently higher than the exper- 
imental data, particularly those f o r  the oblate spheroid. Although the sphere drag  coeffi- 
cients predicted by the empirical  methods of both reference 5 and the present investigation 
(equation (3) + 1/M2) are in agreement with the experimental data throughout most of the 
Mach number range, the values are slightly low in comparison with the experimental aver- 
age in the hypersonic range. The drag  coefficient of the oblate spheroid as predicted by 
the method of reference 5 is in agreement with experiment at supersonic Mach numbers 
above approximately 2 but is slightly high in the hypersonic range. Of the approximate 
methods, the empirical method developed as equation (4) + 1/M2 most accurately 
describes the total d rag  coefficient of the oblate spheroid and provides good agreement at 
Mach numbers from approximately 2.3 to 10.5. 

Below this Mach number, the drag coefficient 

CONCLUSIONS 

An investigation has been conducted to determine the aerodynamic characterist ics 
of models of an oblate spheroid and a sphere at Mach numbers f rom 1.70 to 10.49 and at 
angles of attack from approximately -4' to 12'. 
lowing conclusions: 

The investigation resulted in the fol- 

1. Both the pitching-moment and lift coefficients of the oblate spheroid show small  
nonlinearities with angle of attack at  the lower test Mach numbers. 
Mach numbers of 2.96 and greater ,  these data a r e  l inear and essentially unaffected by 
Mach number. 

However, for  the test 

2. The center-of-pressure location of the oblate spheroid exhibits some effect of 
However, for  Mach angle of attack and Mach number at the lower tes t  Mach numbers. 

numbers from approximately 2.7 to 10.5, the center-of-pressure location is invariant at 
0.575 body diameter rearward of the theoretical sphere stagnation point. 

3. The empirical expression developed in the present investigation for  the pressure  
distribution over a hemispherical forebody is in good agreement with the experimental 
data for  the following approximate ranges: 0 f rom 0' to 60' for  a Mach number f rom 
3 to 10, and 8 f rom 0' to 90' for  a Mach number f rom 6 to 10, where 0 is the angle 
between a normal to the local surface and the model center  line. 

4. The experimental total d rag  coefficients of the oblate spheroid are approximately 
The data  10 percent greater  than those of the sphere throughout the Mach number range. 
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for  both configurations exhibit maximum values a t  the lower test Mach numbers, a 
decrease with increasing Mach number in the supersonic range, and little change through- 
out the hypersonic range. 

5. The empirical  expression developed in the present investigation for  the total 
d rag  coefficient of the oblate spheroid agrees well with the experimental data for  Mach 
numbers from approximately 2.3 to 10.5. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, V a ,  September 26, 1969. 
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tx 
M o d e l  d ,  i n .  ( c m )  d b / d  

O b l a t e  s p h e r o i d  9 .  00 (22.  8 6 )  0 . 4 1  7 
O b l a t e  s p h e r o i d  5. 75 ( 1 4 . 6 1 )  . 2 2 8  
S p h e r e  6. 00 (15.  24 )  . 2 7 8  
S p h e r e  5. 75 (14.  6 1 )  . 2 2 8  

d 

Figure 1.- Model drawing. 
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M = 1. 70 

M = 1 . 9 0  

M = 2 . 9 6  M = 4 . 6 3  

O b l a t e  s p h e r o i d  

M = 2 . 8 6  

S p h e r e  

M = 4 . 6 3  

Figure 2.- Schlieren photographs. L- 69-509 1 
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(a) M = 1.70. 

Figure 3.- Basic aerodynamic characteristics of oblate-spheroid model. 
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(b) M = 1.90. 

Figure 3.- Continued. 



(c) M = 2.30. 

Figure 3.- Continued.  
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(d) M = 2.96. 

Figure 4.- Continued. 
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(e) M = 3.96. 

Figure 3.- Continued. 



( f )  M = 4.63. 

Figure 3.- Continued. 



(g) M = 10.49. 

Figure 3.- Concluded. 
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Figure 4.- Center-of-pressure location fo r  oblate spheroid. 
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Figure 5.- Pressure distr ibut ion over hemispherical forebody. 



tw 
tw 

e 10 
4 0 

e 

1. 

1. 

1. 



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 20546 

OFFICIAL BUSINESS FIRST CLASS MAIL 

POSTAGE AND FEES PAIL 
NATIONAL AERONAUTICS i 

SPACE ADMINISTRATION 

O L U  001 26 51 30s 69363 00903 

AIR FORCE WEAPONS LABORATORY /WLOL/ 
K ~ R T L A N O  AFB, N E W  MEXICO 87117 

“The  aesomiiificnl dud spare actitities of the United Stntes shall be 
coizdiicted so as t o  coiatribnte . . . t o  the expansiou of hiiiiian kizoaul- 
edge. of pheizoiiiena iiz the ntmosphere mad space. T h e  Adniiizistratioit 
shall pro  ride .fos the widest f)sactic.de atad nppropsiaf e dissemimfioiz 
of iiifos))iaiioiz concer.izing its actit fities nnd the sesdts  thereof.” 

-NATIONAL AERONATJTICS AND SPACE ACT OF 195s 

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 

TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
knowledge. 

TECHNICAL NOTES: Information less broad 
in scope but nevertheley of importance as a 
contribution to e x k i n g  knowledge. 

TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 

CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 

TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 

SPECIAL PUBLICATIONS: Information 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 

TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in  commercial and other non-aerospace 
applications. Publications include Tech Briefs, 
’I’tchnology Utilization Reports and Notes, 
and Technology Surveys. 

Details on the availability of these publications may be obtained from: 

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 

NATIONAL AER‘ONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. 20546 


